Stockless systems, where plant and animal production are uncoupled, represent a common condition in Mediterranean areas. In organic systems, soil fertility is mainly managed by green manures, whereas composts of plant origin represent suitable soil conditioners. The low P content of these materials, together with the shortage of animal waste availability, determine potential nutrient depletion overtime and, in calcareous soils, P mining conditions. In a two-year field experiment in Central Italy, the effect of green manure vetch (Vicia villosa) (GM+) was compared with a control left fallow (GM-), combined with P-based fertilizers (F) on organic maize (Zea mays). Yields and N-P dynamics were evaluated by direct measurements, nutrient balance and efficiency index. N balance was higher than in GM+ GM-(+71.8 and -23.6 kg N ha -1 , respectively). P enriched compost with RP (rock-phosphate) (EP), showed significant improvement in P use efficiency (meanly +34%) than other treatments (unfertilized control (RP), not P enriched compost (NEP)) and P equilibrium in the short run. On the other hand, P-fertilizers and maize residues soil incorporation determined P surplus in a long perspective (up to +10 kg P ha -1 ). Results emphasize the possibility of P reintegration in stockless organic systems without animal wastes.
Introduction
The main challenge of modern agriculture is to feed the increasing world population through a sustainable resource use (Schulte et al., 2013) . Organic farming can contribute to achieve this goal, being driven by biodiversity, biological cycles and based on agroecological principles (Rahmann et al., 2016) . Nevertheless, organic farming is worldwide characterized by a yield gap with the conventional agriculture, estimated in -25%, on average, depending on the geographical area and the production system (Reganold and Wachter, 2016; De Ponti et al., 2012) . The poor soil fertility management and the inadequate nutrient supply are recognized among the main constraints to bridge the gap, inside organic farming, between best practices and the real current productive systems (EIP-AGRI Focus Group, 2014) . In such a scenario, achieving a balance between inputs and outputs of nutrients within the farm system is critical to ensure both shortterm productivity and long-term sustainability (Watson et al., 2002) . Furthermore, high nutrient use efficiency can be crucial both to ensure acceptable crop yields and to improve environmental sustainability, as well as economic viability of organic systems. Indeed, the integrated use of green manures and organic amendments (i.e. compost) is a feasible technique to optimize N fertility. At the same time this management strategy contributes to enhance organic C inputs to soil, thus contributing to long term soil quality and fertility (Mazzoncini et al., 2010) . The use of amendments can further determine a residual effect for the subsequent crop in the rotation (Eghball et al., 2004) .
Many authors highlighted the need to match the nutrient availability with crop requirements (Mahmood et al., 2016; Canali et al., 2012) . This is relevant mainly for nitrogen (N), characterized by a great mobility into the soil-plant system and, consequently, by a high risk of losses, e.g. by leaching (Shah et al., 2016) . The rate of N release from fertilizers, amendments and other organic materials (i.e. plant residues) used to manage soil fertility and the plant N requirements should be carefully considered in order to design successful N fertilization strategies. In particular, the C/N ratio, which is usually considered as an indicator of the likely net mineralization of organic materials incorporated into soils, is a useful parameter to foresee the expected equilibrium between the fraction of soil N being mineralized and the organic fraction remaining in the soil and contributing to the long term N pool.
It follows that, combining different organic N sources having different characteristics it might be possible to modulate soil N availability to plants and synchronize N release with plant requirements (Canali et al., 2012) . In such a scenario, livestock have traditionally had a relevant role in organic farming, as source of organic materials (i.e. manure) and nutrients. However, in respect with the food security issue, it is likely that in the future the livestock density might be reduced at global level. Therefore, the study of the performances of organically managed stockless cropping systems become even more relevant, as currently discussed in the frame of the so-called Organic 3.0 concept, in order to position organic farming as a modern, innovative system, able to answer to the agriculture challenges of the next future (Rahmann et al., 2016) .
Soil management strategies based on combined use of green manures and green (plant origin material) composts are a suitable option to manage soil fertility especially in stockless systems (Stinner et al., 2008) , which represent a common condition in the Mediterranean area. Indeed, in these areas, plant production and animal husbandry are often not functionally connected as separated in space. Consequently, the stockless systems are inherently characterized by the scarcity of organic matter and nutrients (mainly N) of animal origin to be recycled into the soil (Migliorini et al., 2014) . On top of that, the organically managed stockless systems have to rely with the restrictions imposed by the EU Regulation on organic farming (Council Regulation [EC] n. 834/07 [EC, 2007] ) in terms of utilization of off-farm organic fertilizers and amendments. However, due to the poor phosphorus (P) content of green manures and green composts, soils of stockless systems are generally characterized by P mining conditions (Nelson and Janke, 2007; Watson et al., 2002) . Moreover, in Mediterranean area, soils are often characterized by a high calcareous composition, which favors P insolubility due to the formation of Ca-P complexes and further reduces P availability to crops (Singh et al., 1983) .
Rock phosphates (phosphorites) are the only allowed mineral P source in organic farming (Commission Regulation [EC] n. 889/08 [EC, 2008] ) but they are characterized by a low solubility (Singh et al., 1983) and a slow release of P over time. Thus, according to Rajan et al. (1996) , their use should be planned to build fertility in the long-term more than to satisfy crop P needs in a short term perspective. Many studies have reported effective improved solubility of phosphorite-P, due to application of organic matter to the soil through green manures or composts (Alamgir and Marschner, 2016; Rick et al., 2011) . Moreover, different authors highlighted the chance to obtain composts with high soluble P content by a phosphorite enrichment of the organic raw materials at the beginning of the composting process (Biswas et al., 2008; Nishanth and Biswas, 2008) .
There is a lack of information about the possibility to properly combine compost or phosphorite application with green manures to improve P fertility in stockless systems in the Mediterranean area. Therefore, the hypothesis tested in this research was that different fertilization strategies could match with hairy vetch (Vicia villosa Roth.var. latigo) green manure in order to ensure a positive P balance, crop yield and N fertility.
To accomplish this objective, a two-year field experiment was carried out in Central Italy under organic farming management. Since nutrient concentration of a plant give an integrated estimation of both total element uptakes and use, the investigation on biomass production, N and P content and balances were used to provide an in-depth insight into the effect of the analyzed approaches on N and P dynamics. No irrigation is performed during the rotation.
Materials and Methods

Site, climate and soil
P rotation budget
In order to determine the optimal P fertilization rate for organic fields, based on the experimental results of the first five years of the MASCOT LTE, P budget (surplus or deficit) of the whole crop sequence was preliminarily estimated according to the surface balance method (Oenema et al., 2003; Watson et al., 2002) of P for maize, sunflower, durum and common wheat); P output : P uptake by maize, sunflower, pigeon bean, durum and common wheat yields measured in the first five years of the experiment.
The P uptake of crop residues was not included in the P output since the residues were recycled into the soil system at the end of each crop cycle. The calculated P budget resulted in a 14 kg P 2 O 5 ha -1 yr -1 deficit (Mazzoncini, personal communication). On this basis, a dose of 24 kg ha -1 of elemental P was estimated to be added to the system with the aim of shifting this balance on positive values.
Experiment setup, treatments and measurements
The experiment was carried out on two organic playground fields of the MASCOT long-term experiment The main characteristics and compositions of the two composts (P-enriched and not P-enriched compost)
are reported in Table 1 . The materials (feedstock) used to prepare the two types of compost were the same in each experimental year:
grass clippings, palm, olive and ornamental pruning.
In the EP compost, at the beginning of the composting process, finely ground rock phosphate ("fosforite" The total P content of each sample at each stage, except for the emergence one, was determined by inductively coupled plasma emission spectrophotometer (ICP-AES Iris; Thermo Optek, Milan, Italy), allowing the calculation of P uptake (P content x biomass dry weight) of each plant component, namely: total aboveground biomass (total biomass P), cobs (cob P), grain (grain P) and stovers (stover P).
All the plant and soil laboratory tests were carried out in three replicates in order to control intra-laboratory variability.
N and P efficiency indices and balances
At harvest stage the following N and P efficiency indices were calculated (Montemurro et al., 2006; Veneklaas et al., 2012) (total biomass Pfert -total biomass P cont ) / P applied by compost and phosphorite (kg kg -1 )
Where:
total biomass N fert , total biomass P fert are, respectively:
the N and P uptake of total biomass in fertilized treat- Soil-plant simplified N and P balances of the whole experiment were calculated (Oenema et al., 2003; Watson et al., 2002) . The N balance was determined by the difference between the N supplied by vetch and compost and the crop N uptake at harvest, whereas the P balance was determined by the difference between the P supply by phosphorite and/or compost and the crop P uptake at harvest. The P and N uptake of crop stovers were considered among outputs despite their recycling into soil after crop harvest, in order to allow the evaluation of treatments capability to satisfy the whole crop requirements and give short period information on fertility strategies effectiveness.
Statistical analysis
Results on biomass, N, P parameters and efficiency indices were analyzed using univariate analysis of variance (ANOVA) considering year (Y) as random factor, GM and F as fixed factors. Before analysis, the Levene test was performed to test the homogeneity of error variances, and appropriated data transformation was applied when necessary. Mean comparison was carried out according to the Tukey Test, at P ≤ 0.05 probability level. The elaboration was performed using the SPSS 22.0 package. carried out according to the Tukey Test, at P ≤ 0.05 probability level. The elaboration was performed using the SPSS 22.0 package.
Results
Weather conditions and hairy vetch biomass production
Climatic variation was high over the two years of the experiment (Figure 1 ).
Air temperature was near the long-term (30-yr) mean in both years, but differences were recorded for total Sig. n.s. n.s. * n.s. * n.s. n.s. n.s. 
Fertilizer (F)
Maize biomass
The outputs of ANOVA considering the effect of the 3 factors (GM, F and Y) and their interactions on the dry matter produced by maize at harvest time in the two years are reported in Table 2 .
The GM+ showed a significantly higher crop total aboveground dry biomass at silking (+14%) and harvest stages (+8%) than GM-. Although not significant, 
Soil mineral N content and crop N status
Despite no significant difference was found for each experimental factor, higher SMN values in GM+ were recorded at all the sampling stages (Table 3) .
Significant GM x Y interactions were found at sowing, emergence and harvest stages. Sig. n.s. n.s. n.s. n.s. n.s. n.s. GM factor affected significantly total aboveground biomass N uptake of maize at grain ripening stage (40% higher N uptake in GM+ than in GM-) (Table 4) . 
Fertilizer (F)
At
Soil available P content and crop P status
No significant difference for soil P avail was recorded for the different factors and their mutual interactions, with a stable mean value of 10 mg P avail kg -1 during the whole maize cropping cycle and in both years (data not reported).
Significant difference was recorded on total biomass P uptake at stem elongation stage when the GM+ treatments showed a 47% higher value than the GMones (Table 4) .
Furthermore, in 2012 the P uptake was lower by 
N and P efficiency indices and balances
Vetch green manure showed no significant effect on N and P efficiency indices (Table 5) . On the other hand, the F factor showed significant differences in both NUsE and PUsE indices. Finally, the N balance showed a significant interaction between GM and F, as reported in Figure 3a .
The N surplus/deficit was significantly higher in NEP of GM+ (+183 kg N ha -1 ) than in C -, C + a, C + b
and EP for GM- (-56, -55, -39 and -45 kg N ha -1 , respectively) and C + a for GM+ (15 kg N ha -1 ). As far as the P balance was concerned, significant difference was found among fertilization treatments (Figure 3b ).
The unfertilized control (C -) showed the lowest value and the C + b the highest one (-28 and -2 kg P ha -1 , respectively). water deficit in the vegetative stages, whereas water stress occurring during grain formation and ripening stages can strongly reduce maize yield (Cakir, 2004) . Furthermore, water stress effect can be magnified by the water uptake of the preceding crops, with consequently significant yield depletion in main crops following winter cover crops (Koerner and Power, 1987) . Despite this, the hairy vetch green manure significantly increased maize N uptake, as
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showed by the higher total biomass N in C + a treatment (which did not receive compost as N source)
under GM+ than GM- (Figure 2b ).
Similar. but not significant result, was showed by C -treatment under GM+ in comparison to GM-. Since the SMN resulted higher or equal in GM+ plots than in the GM-ones during the whole cropping cycle (Table 3) , the lower maize yield observed for GM+ in 2012 than in 2011 was not due to N limiting availability, as also confirmed by the higher total biomass N of GM+ than in GM- (Table 4) . Furthermore, in our study we did not found a significant effect of vetch green manure on P soil availability and maize P uptake in all growing stages.apart the stem elongation stage (Table 4 ). This finding is not in accordance with other studies in which legume green manures were found to significantly increase soil P availability (Cavigelli and Thien, 2003) . Further analysis should be carried out in order to evaluate the effect of tested vetch variety (i.e. cv. latigo) on P dynamics and availability in the soil.
As far as the fertilization strategy is concerned, the absence of strong differences among the tested treatments for N and P soil availability, confirms that compost and rock phosphates should not be used to satisfy the short-term N and P plant requirements, but to build up the long term soil fertility (Rajan et al., 1996; Diacono and Montemurro, 2010) . Despite this, N uptake results showed a different pattern accordingly to fertilizer and green manure combinations, as reported in The calculation of P balance showed that P supplied by all the P-fertilizers was much lower than P removed from the system by stovers and grain of the maize crop ( Figure 3b ). Our results underlined that, in our conditions, soil amendment with P-fertilizers did not allow meeting maize P requirements, thus additional efforts should be put in increasing the plant availability of soil P pool during cropping cycle (e.g. by including more leguminous species in crop rotations, by correcting soil pH, by using products containing P-solubilizing active compounds or microbials). Nevertheless, this deficit can be considered very close to the amount of P accumulated in crop stovers and re-integrated into the soil after maize harvest (Figure 3b) . Indeed, by considering only the grain P uptake as output, the P balance raise positive value for C + a (+7 kg P ha -1 ), C + b (10 kg P ha -1 ) and NEP (+6 kg P ha -1
) as far as 0 kg P ha -1 for EP while maintaining a deficit condition in C -(-14 kg P ha -1 ). Our result put in evidence that the chosen strategies were not contributing to a P mining condition of the studied cropping system. Moreover, among the P-fertilizers treatments, the EP compost showed the highest P use efficiency, being able to increase also the crop yield.
Conclusions
In conclusion, our study pointed out the possibility to combine different agronomic strategies, to obtain adequate yield, reduce of soil P mining condition and improve nutrient use efficiency, in respect with the need to manage soil P fertility despite the absence of products of animal origin in organic stockless farming systems. In particular, the leguminous green manure is confirmed to have a key role in managing the N soil fertility in the short run, even if no evidence on P availability was noted. On the other hand, the P enrichment during the composting process highlighted as a potential valuable solution to maintain P balance, ensuring a higher efficiency of P use by using a compost of plant origin. The combined use of leguminous green manure and enriched P compost can be then considered as a concrete option in order to manage the N and P fertility in the short and long runs and to sustain plant requirements.
The obtained results emphasize that, even in stockless systems, it is possible to predict strategies of P mining reintegration without the need to resort to products of animal origin. Further researches aiming at evaluate the effectiveness of these strategies on nutrient balance in the entire system should be highly encouraged, through the application of the selected materials and doses for the minimum duration of an entire crop rotation. This could help to evaluate the potential of the technique to increase N -P utilization at system level, and improve soil protection, organic matter preservation and long term soil fertility.
